INTRODUCTION
The calcium ion (Ca 2+ ) is firmly established as a ubiquitous intracellular second messenger in plants (114, 116 ] cyt , and other cellular systems responsible for returning [Ca 2+ ] cyt to its prestimulus level. This apparently simple scheme hides considerable complexity. Although it has been argued recently that plant Ca 2+ elevations may more often act as switches in the signaling process (118) rather than encoding specific information, it is clear that the cell has multiple mechanisms for generating increases in [Ca 2+ ] cyt (116, 136) , which suggests the capacity to produce highly complex spatio-temporal patterns of [Ca 2+ ] cyt elevation. Downstream of the stimulusinduced [Ca 2+ ] cyt increase (or Ca 2+ signal), the cell possesses an array of proteins that can respond to changes in [Ca 2+ ] cyt such as calmodulin (CaM) (85, 120), Ca 2+ -dependent protein kinases (19, 54) , and CaM-binding proteins (113, 143) . Further complexity arises with the involvement of other intracellular messengers and signaling proteins that can modulate Ca 2+ signaling. In recognition of this increasing complexity, it is perhaps more appropriate to represent intracellular signaling as a network. Within a network-based organization a stimulus-induced increase in [Ca 2+ ] cyt can be regarded as one of a small number of nodes or hubs responsible for orchestrating the events that comprise the full cellular response. The possibility that guard cell signaling might be organized as and exhibit properties reminiscent of a specific type of network known as a scale-free network has been discussed (57, 58) .
In this review we only consider the processes involved in generating Ca 2+ signals. Currently, our understanding of how complex spatio-temporal patterns of [Ca 2+ ] cyt elevation contribute to controlling responses in stimulated cells is fragmentary. Nevertheless, recent work has provided strong evidence that information is encoded in [Ca 2+ ] cyt oscillations and transients, at least in guard cells (2, 3) . To assess the physiological importance of [Ca 2+ ] cyt oscillations and transients we review how they are generated. Although we restrict our discussion to the roles of mitochondria and plasma membrane and endomembrane Ca 2+ -permeable channels in this process, it should not be forgotten that nuclei (106, 107) -selective channels, at both the whole-cell (50) and single-channel level (145) . The pharmacological profiles and selectivities of plant plasma membrane Ca 2+ -permeable channels often differ significantly from their animal counterparts (136) . In plants Ca 2+ permeable, rather than Ca
2+
-selective, channels predominant and there is a general lack of specificity of pharmacological agents. These differences may reflect signaling strategies of plants that rely largely on adaptive rather than behavioral responses as well as the different modes of energization and more hyperpolarized nature of most plant plasma membranes.
The known properties of the major groups of plant Ca 2+ -permeable channels have been surveyed in several recent comprehensive reviews (26, 130, 136) . At the molecular level these have been broadly classed as nonselective cation channels (NSCCs). They are encoded by 41 genes of the cyclic nucleotide gated channel (CNGC) or glutamate receptor channel (GLR) families (see below) and the two pore calcium channel (TPC) gene. However, in only a few cases have physiologically characterized channels been mapped to their molecular counterparts. Here we focus on those channels that have been implicated in bringing about specific Ca 2+ elevations.
Plasma Membrane Depolarization-Activated Ca 2+ Channels (DACCs)
Plasma membrane depolarization is a frequently observed response to various biotic (32, 81) and abiotic (104) stimuli that also give rise to [Ca 2+ ] cyt elevations, which suggests the involvement of DACCs (135) . Nonselective, cation-permeable DACCs have been described in a number of cell types such as Arabidopsis root cells (128) . Their activity appears to be downregulated by the microtubule cytoskeleton. However, their pharmacology is relatively unexplored and there are no reports directly relating DACC activity in situ with elevations in [Ca 2+ ] cyt . These are difficult channels to characterize due to small currents and activity rundown, although channel recruitment in whole-cell recordings is possible with strong
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HETHERINGTON BROWNLEE depolarization or microtubule disrupters (128) . DACCs from cereal root plasma membrane have also been characterized in lipid bilayers (136 ] cyt in response to a Phytophora oligopeptide elicitor (13) . HACCs have also been described in root hair apices, and root epidermal, endodermal, and cortical cells from the elongation zone and in guard cells (116) . Their activation at hyperpolarized membrane potentials (more negative than −100 mV) leads to elevation of Ca 2+ in guard cells (49, 109), and they play a critical role in the response of stomata to abscisic acid (ABA). In root hairs their preferential activity at the growing apex (129) suggests a role in the sustained tip-localized elevation of [Ca 2+ ] cyt , and their presence in elongating root cells (68) 2+ and ROS raises the possibility that different isoforms occur in these two cell types.
The molecular identity of HACC is not known. However, two possibilities have been proposed. First, mutation in the AtCNGC2 gene underlies the defense no death (dnd) mutation in Arabidopsis. AtCNGC2 has inward-rectifying properties when expressed in Xenopus and is nonselective for cations. This led Demidchik and colleagues (25) to suggest that it may be an HACC. However, the apparent insensitivity to cyclic nucleotides of the Arabidopsis root hair HACC (V. Demidchik & J.M. Davies, unpublished data) argues against the identity of the HACC as a CNGC. Second, White et al. (137) proposed that an annexin may underlie HACC activity based on their Ca 2+ permeability, localization, and known channel-forming properties of annexins in animal cells (45 ] cyt increases after treatment with membrane-permeant cAMP and cGMP (80). The demonstration of a role for cAMP in pollen tube growth regulation raises the possibility that CNGC regulation could be involved in the formation of the apical [Ca 2+ ] cyt gradient that directs pollen tube growth (97) . The 20 members of the GLR family are also good candidates for nonselective Ca 2+ -permeable channels (24, 26 -permeable ER channels have been monitored directly in only two plant systems (Bryonia tendris and Lepidium root tips) by incorporation into lipid bilayers (70, 71) .
The SV channel has been well studied with respect to its potential role in bringing about Ca 2+ release from the vacuole during guard cell signaling. There has been considerable discussion about whether this channel can indeed give rise to Ca 2+ flux into the cytosol under normal physiological conditions (137) ; at cytosolic Mg 2+ concentrations the activation threshold for this channel is in the physiological range (−3 to −50 mV, cytosol negative). This channel can potentially give rise to Ca 2+ -induced Ca 2+ release (CICR) from the vacuole because its activity also increases with elevated cytosolic Ca
2+
. The SV channel is also activated by CaM and the type IIB phosphoprotein phosphatase, calcineurin, which activates at low concentrations but inhibits at high concentrations. The SV channel is also activated significantly by increased cytosolic pH in the physiological range (7.3 to 8.0), potentially providing a link between observed increases in pH in response to ABA (11 ] cyt in the unstimulated cell. However, they may also be important in determining the peak amplitudes and duration of Ca 2+ transients ( Figure 1 ). Evidence that they play active roles in shaping Ca 2+ signals comes from the knowledge that certain classes of pumps and transporters can be regulated by Ca 2+ /CaM, among other factors (see below). However, although the properties of transporters and pumps have been elucidated in some detail in various plant cell types, we await concrete evidence to link a specific pump or transporter directly with a specific Ca 2+ signaling event. It is also becoming clear that disrupting the expression or activity of one type of pump or transporter can lead to compensatory changes in the activity or expression of other pumps or transporters. However, despite these problems, functions for pumps and transporters in stress signaling and Ca 2+ homeostasis are beginning to emerge. (38, 42, 105) .
Type IIB Ca 2+ -ATPases in animal cells are targeted to the plasma membrane whereas plant IIB members are also targeted to endomembranes (42, 60). For example, ACA8 occurs on the plasma membrane (14) but ACA2 has been identified with an ER location (82) and ACA4 occurs on small vacuolar membranes but not the large central vacuole, which suggests functional diversity within the vacuolar membrane system in relation to Ca 2+ homeostasis or signaling (42). Type IIA and IIB Ca 2+ -ATPases show distinctly different modes of regulation. Type IIB (ACA) members contain an N-terminal autoinhibitory domain (in contrast to animal counterparts, which contain a C-terminal autoinhibitory domain) and can be activated directly through binding Ca 2+ /CaM (56) . ACA activity can be inhibited by calcium-dependent protein kinase (CDPK) binding and phosphorylation (63) . In plants no direct regulation of a type IIA ATPase has been demonstrated, which may suggest a constitutive role in maintaining resting cytosolic Ca 2+ levels. However, animal type IIB pumps are highly regulated by an inhibitory subunit phospholamban and possibly also ER lumen Ca 2+ content (31 ] cyt levels. These plants also showed increased vacuolar H + pumping. Knockout of CAX1 (18) led to increased tolerance to both Ca 2+ deficiency and abiotic stress and also resulted in decreased vacuolar V-ATPase H + pumping activity. Significantly, these knockouts led to increased tonoplast Ca 2+ -ATPase activity and increased expression of other H + /Ca 2+ exchangers CAX3 and CAX4. Although evidence for a direct involvement in Ca 2+ signaling was not provided in these studies, a possible signaling role was suggested by the impaired hormone responses and auxin-regulated gene expression of cax1 mutants.
These results from overexpression and knockout experiments suggest complex interactions between the activities and expression levels of different pumps and transporters, and the operation of a highly integrated compensatory network that may also include primary H + pumps. Direct monitoring of Ca 2+ transients in plants where specific pump or transporter activity has been manipulated is eagerly awaited, and their precise cellular localizations need to be cataloged. ] cyt gradient at the pollen tube apex is required for growth (59), the peak Ca 2+ elevation at the growing tube apex lags behind the growth peak by approximately 4 s, and the maximum Ca 2+ influx at the tube tip lags behind growth by approximately 15 s. Studies of mitochondria distribution in pollen tubes show that they are excluded from the extreme apex (28) but they also move with cytoplasmic streaming in a "reverse fountain" pattern (39) that continually delivers and removes mitochondria to the subapical region. Whether these mitochondria play a role in the periodic removal or buffering of [Ca 2+ ] cyt in the pollen tube apex remains to be determined. release. Most recorded Ca 2+ waves in animal cells fall into the "fast Ca 2+ wave" category that propagate within a narrow range of velocities that may reflect the highly conserved nature of the intracellular propagation mechanisms (64) . However, slow Ca 2+ waves also occur in animal cells, particularly those that propagate between cells and in developing systems (134) , and it has been proposed that both fast and slow waves propagate via reaction-diffusion mechanisms (64, 134 ] cyt and velocity of propagation in any cell depends on several factors, including the kinetics of receptor activation, rate of production and diffusion of second messengers such as InsP 3 , the rate of permeation of Ca 2+ through channels (which also depends on their selectivity), the length of time the channels stay open (presumably a sustained elevation of Ca 2+ requires a sustained increased channel-open probability), and the regulation of efflux systems. The highly convoluted nature of the ER endomembrane system may allow Ca 2+ release sites to be positioned in close proximity to one another, whereas the reaction-diffusion kinetics along the more linear vacuolar membrane may be significantly different.
PROPAGATION OF PLANT Ca 2+ SIGNALS
Examples of significant deviation from the typical animal reaction-diffusion model for Ca 2+ waves do exist in plants. For example, a slowly propagating Ca 2+ signal occurs in the maize egg during in vitro fertilization (8) . In this system, elevation of Ca 2+ is brought about by a slow wave of Ca 2+ influx across the plasma membrane, which propagates around the egg. Another example is provided by cytoplasmic droplets from the giant alga Nitella that display Ca 2+ spikes in response to hypo-osmotic treatment. The most likely explanation for this phenomenon is the activation of mechanosensitive Ca 2+ -permeable endomembrane channels (69).
[ 
Calcium Oscillations in Legume Root Hair NF Signaling
NFs are bacterial lipochitooligosaccharide signals that play an important role in the early stages of nodule development. They stimulate root hair cells of susceptible plants to undergo morphological changes that lead to the entrapment and invasion of the bacteria. The role of NFs in this process has been comprehensively reviewed (16, 46, 81 ] cyt elevations. The first phase is rapid. In Medicago truncatula it consists of a rapid spike followed by a sustained [Ca 2+ ] cyt increase or plateau that lasts for 3-4 min. Approximately 10 mins after NF application, the second phase occurs, which consists of "calcium spiking" in the nuclear region (7, 119). A typical spike in M. sativa or M. truncatula consists of a rapid increase of [Ca 2+ ] cyt (approximately 500 nM) followed by a more gradual return to resting levels. This produces an asymmetric peak with a sharp rising phase and a slower recovery. The duration of the whole spike from onset to return to resting [ ] cyt oscillations have been reported in different Arabidopsis ecotypes (Col, Ler, WS), and when they occur they are either in the form of regular oscillations with a magnitude of about 500 nM and a period of approximately 7.8 min or have no obvious periodicity. Schroeder and colleagues refer to these irregular increases as "transients" and we adopt this terminology here (2, 6, 61, 66, 72, 75, 76 ] cyt transients when stimulated by a yeast elicitor or ABA (72) .
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Although it is likely that more than one guard cell plasma membrane calcium channel is involved in the generation of [Ca 2+ ] cyt oscillations (53, 72), most attention has focused on an HACC in Vicia faba (53) and Arabidopsis (where it is known as I Ca ) (108) . In Vicia the open probability of the HACC is increased by ABA, the concentration of extracellular divalent cations (52, 53), and inhibitors of Type 1 and 2A phosphoprotein phosphatases (73) . This latter result, coupled with the observation that ATP hydrolysis was required for channel activity, led Kohler & Blatt (73) ] cyt increases in C. communis (92) and Arabidopsis (108) it also depresses guard cell outwardrectifying K + channels (74) . This latter action is the direct opposite of what happens in guard cell ABA signaling. Ignoring possible species-specific differences as an explanation for these apparently conflicting sets of data, it seems likely that, as guard cell ABA signaling is partially disrupted in the Arabidopsis AtrbohD/F double mutant (76), H 2 O 2 and possibly other ROS are involved in some but not all aspects of guard cell ABA signaling. Finally, there is evidence that Type 2A phosphoprotein phosphatase (PP2A) activity is involved in the regulation of ABAinduced [Ca 2+ ] cyt transients. In the loss of function rcn1 mutant, which encodes the regulatory subunit of a guard cell-expressed PP2A, stomatal responsiveness to ABA was greatly reduced, as was the probability of ABA-induced increases in [Ca 2+ ] cyt (75) . There are also data indicating that release of Ca 2+ from internal stores contributes to the generation of stimulus induced [Ca 2+ ] cyt transients and oscillations. There is evidence pointing to a role for the PI-PLC-InsP 3 system in generating [Ca 2+ ] cyt oscillations and transients in guard cell ABA signaling. In both C. communis and Arabidopsis guard cells the pharmacological PI-PLC inhibitor U73122 interferes with ABA-induced alterations in stomatal aperture and ABA-induced [Ca 2+ ] cyt oscillations (121) and transients (72) . U73122 also interferes with ABAinduced K+ efflux from guard cells (88).
Is it possible to place PI-PLC in the sequence of events leading to the generation of ABA-induced [ ] cyt calcium transients (72) . However, in contrast to the situation with the PI-PLC-InsP 3 system, it is unlikely that cADPR is involved in Ca 2+ signal amplification or the phenomenon of CICR because cADPR-gated currents downregulate over the range of guard cell [Ca 2+ ] cyt elevated by cADPR microinjection (78) . This latter finding suggests that cADPR might be involved in the initial priming phase required in the generation of [Ca 2+ ] cyt oscillations and transients. Understanding the contribution of cADPR to stimulus-induced [Ca 2+ ] cyt oscillations and transients will be greatly facilitated with the identification of the enzyme systems responsible for its production and its intracellular receptors.
Another molecule capable of generating increases in [Ca 2+ ] cyt in animal and plant cells is sphingosine-1-phosphate (S1P) (138) . When applied to C. communis guard cells 6 µM S1P induced asymmetrical [Ca 2+ ] cyt oscillations with a period of 3.8 min and peaks of up to 50 nM above resting levels of [Ca 2+ ] cyt . 50 nM SIP induced symmetrical [Ca 2+ ] cyt oscillations with a shorter period (2.8 min) but greater peak height (100 nM above resting levels of [Ca 2+ ] cyt ) (103). Recent work from the Assmann lab (23) resulted in the construction of a model for the involvement of S1P in guard cell ABA signaling, in which ABA activates sphingosine kinase in Arabidopsis guard cells resulting in the production of elevated 
Significance of [Ca 2+ ] cyt Oscillations and Transients in Plant Cell Signaling
In animal cells experimental evidence supports the hypothesis that information is encoded in [Ca 2+ ] cyt oscillations (10) . In plant cells it has been suggested that [Ca 2+ ] cyt oscillations and transients might encode information that helps to dictate the nature of the downstream response (36, 55, 93, 114, 116, 117) . We focus on three experimental systems, pollen tube growth, NF signaling in root hair cells, and stimulus-response coupling in guard cells, to assess the physiological significance of [Ca 2+ ] cyt oscillations and transients in plant cell signaling. The role of [Ca 2+ ] cyt in the control of pollen tube growth was the subject of a recent comprehensive review (59) ] cyt oscillations are responsible for holding the guard cell in a steady low-turgor state while protecting it from the presumed deleterious effects of long-term exposure to elevated [Ca 2+ ] cyt (94) . However, although this might be beneficial to the guard cell it is not a requirement in guard cell signaling because there are examples of closure-inducing, 
CONCLUSIONS AND FUTURE PERSPECTIVES
It was recently proposed, on the basis of a well-argued case, that many (but not all) Ca 2+ signals act as simple on-off binary switches and thus the Ca 2+ signal is an unlikely mechanism for ensuring fidelity in plant signaling systems (118 2+ indicators such as cameleons and pericams (100, 142) that can be expressed in a targeted manner. These advances in reporter technology are being matched by fast improving camera-and scanning-based imaging technology, and several options are now available for monitoring Ca 2+ from total internal reflection fluorescence (TIRF) for near-membrane fast events in wall-free cells to multiphoton microscopy for deeper penetration and improved signal-to-noise ratio (39) in whole tissues and plants. Combining these techniques with robust cellular or tissue responses will allow the global significance of Ca 2+ signals to be assessed. Overall, the field is poised for exciting developments and insights over the next few years.
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NOTE ADDED IN PROOF
Recently, a specific receptor for apoplastic Ca 2+ that is expressed in guard cells and is required for oscillatory elevations in guard cell Ca 2+ and stomatal closure in response to elevated [Ca 
